The oligonucleotides synthesized by purified vesicular stomatitis virus in vitro in the absence of one or more ribonucleoside triphosphate precursors have been studied. The oligonucleotides contained the 5'-terminal sequences of the leader RNA and one or more mnRNA's. The promoter-proximal oligonucleotides lacked 5'-terminal cap structure and contained triphosphate A. These results suggest that the RNA polymerase is located at multiple promoter sites on the genome RNA from where it initiates transcription. The capping reaction appears to occur subsequently during RNA chain elongation. We have also demonstrated that a unique dinucleotide, pppGpC, of presently unknown function is synthesized in vitro in large amounts during RNA synthesis or in the presence of GTP and CTP only.
The virion-associated RNA polymerase of vesicular stomatitis virus (VSV) transcribes the linear negative-strand genome RNA in vitro into five distinct monocistronic mRNA species coding for virus structural proteins N, NS, M, G, and L (10, 16) . The mRNA species are synthesized sequentially in the order 3'-N-NS-M-G-L-5' (1, 5) . In addition to mRNA, a small uncapped RNA, designated leader RNA, is transcribed from the exact 3' end of the genome RNA to residue 47 (12, 13) .
Two mutually exclusive models for the biosynthesis of VSV mRNA's are being currently entertained (6, 8) . The cleavage model suggests that the RNA polymerase initiates transcription at a single site at the 3' end of the VSV genome RNA; the leader RNA and the cistron-sized mRNA species are formed by sequential cleavage of a growing precursor RNA chain. The stop-start model, on the other hand, suggests that the RNA polymerase initiates transcription at the 3' terminus to synthesize the leader RNA; the same enzyme then reinitiates transcription of the N protein gene, terminates, and initiates transcription of the adjacent gene, and so on. Both models may thus explain the sequential nature ofthe mRNA synthesis and also the polar effect of UV irradiation on VSV RNA synthesis (1) . It is important to note that both models predict that during transcription there is a single entry of the RNA polymerase on the template which is at the 3' end of the VSV genome RNA.
We have recently shown that the mode of transcription by VSV in vitro may be quite unusual (20) . We have presented evidence that suggests that transcription is initiated simultaneously at different promoter sites on the genome RNA, although completion of the individual mRNA species is sequential. From the in vitro transcription reaction, we have isolated and characterized additional 5'-polyphosphorylated small RNA species ofchain lengths ranging from 28 to 70. Two of these small RNAs have been identified as promoter-proximal sequences of N and NS protein mRNA's of 28 and 40 nucleotides in length, respectively. These promoter-proximal sequences are both synthesized early during transcription and increase in parallel at a linear rate, whereas the completed Nand NS-mRNA species are detected later and appear sequentially. These results are compatible with a model that involves simultaneous initiations occurring at different promoter sites on the genome RNA. The synthesis of leader RNA is terminated by attenuation at base 47, whereas the elongation and completion of initiated mRNA molecules depends on prior transcription of preceding genes (20) .
This model predicts, in contrast to the others, the multiple entry of RNA polymerase molecules at different promoter sites during transcription. In this communication, we (v) DEAE-cellulose chromatography and high-voltage paper electrophoresis. Procedures used for DEAE-cellulose chromatography were identical to those described previously (2) . High-voltage paper electrophoresis on Whatman 3MM paper was at 2,000 V for 1 to 1.5 h in pyridine-acetate buffer (pH 3.5) (2). Appropriate marker compounds were included with the samples and located by UV light. The paper was then autoradiographed on Kodak XR-5 film.
RESULTS
Oligonucleotides synthesized in the presence of ATP, CTP, and GTP. The complete nucleotide sequence of the leader RNA (13) and part of the 5'-terminal sequences of all five VSV mRNA species (17, 19) have been reported. If there is a single initiation event occurring at the 3' end of the genome RNA, one would expect to find, in an incomplete reaction mixture containing ATP, GTP, and CTP, a leader RNA fragment of 18 residues with the sequence pp-ACGAAGACAAACAAACCA(U). On the other hand, if multiple initiations occur at different promoter sites on the genome RNA, the reaction products should include, in addition to leader RNA fragments, oligonucleotides with sequences such as (p)ppAACAG(U) for N-mRNA, (p)ppAACAGA(U) for NS-mRNA, and so on. To distinguish between these possibilities, the oligonucleotides synthesized in the presence of ATP, GTP, and [a-32P]CTP were analyzed by electrophoresis on 20% polyacrylamide sequencing gel (Fig. 1) . To eliminate the possibility that untreated [a-32P]CTP may obscure the small oligonucleotides during electrophoresis, the reaction products were treated with calf intestine alkaline phosphatase before loading on the gel. This procedure liberates 32p;, which migrates fast during electrophoresis, from [a-32P]CTP. In addition, treatment with phosphatase also removes 5'-terminal polyphosphates from any initiated oligonucleotides. As shown in Fig. 1B , a series of bands are seen migrating between the xylene cyanol and bromophenol blue dyes. The positions of xylene cyanol and bromophenol blue dyes in the gel approximately correspond to the migration rates of oligonucleotides of chain lengths 28 and 10, respectively. Very few bands were observed between the two dyes in the gel when no VSV was present in the reaction mixture (Fig. 1A) . This indicates that the oligonucleotides present in lane B are the products of VSV transcription in vitro. A series of bands (shown in Fig. 1 by a bracket between single bands designated as L* and M) were excised from the gel, and the oligonucleotides from each band were eluted and further analyzed. The enzymatic analyses of the oligonucleotide indicated by L* is shown in Fig. 2B Fig. 2B that with treatment with RNase T2, the oligonucleotide L* released AMP and CMP; the ratio was 4:1. With nuclease P1, only CMP was released, and, with RNase A and phosphatase, there were three spots, one remaining at the origin and two migrating faster than the AMP and CMP markers. The material migrating slightly below the origin was confirned to be AbC (asterisk denoting the position of the label), and the two spots were determined to be GAAGAbC (faster moving) and AAAbC (slower moving) in the ratio 1:2. (data not shown). The sequence of these oligonucleotides was confirmed by introducing different labels into the oligomers and analyzing the subsequent digestion products with various specific ribonucleases and charge determinations by DEAEcellulose chromatography (2) . These results indicate that the L* oligonucleotide ( The oligonucleotide designated as M in Fig.  1B was analyzed similarly by various enzymatic digestions followed by high-voltage paper electrophoresis ( Fig. 2A) To confirm that the oligonucleotides indeed contained 5'-polyphosphates before the phosphatase treatment, incomplete transcription reactions were carried out by using ATP and [a-
'P]CTP only. It was expected that only two short oligonucleotides would be synthesized: AC, representing the leader RNA, and AACA, representing the mRNA's. In addition, the analyses of the polyphosphorylated forms of these oligonucleotides would be easier and less complicated in sequencing gels without phosphatase treatment (Fig. 3) . As shown in lane D, three labeled oligonucleotides (designated as A, B, and C) were observed migrating faster than bromophenol blue dye. They are absent in lane C, which lacked VSV. A prominent band (designated by an arrow) was found in both lanes C and D and as contaminant present in the commercial [a-
'P]CTP (data not shown). In contrast to lanes C and D, when the oligonucleotides were analyzed after the treatment with phosphatase, three bands appeared (lane B; designated A', B', and C') which migrated slower than bromophenol blue dye.
The oligonucleotides A', B', and C' were analyzed and found to be AACA, AAC, and AC, respectively (data not shown). The polyphosphorylated forms of these oligonucleotides in lane D were identified as A, B, and C, respectively, by high-voltage paper electrophoresis after various enzymatic digestions (Fig. 4) . As shown in Fig. 4A , the oligonucleotide A, (Fig. 3 (Fig. 3, lane D) was confirmed to be pppAAC (Fig. 4B) . The oligomer (C) was identified as pppAC, as shown in Fig. 4C . Treat Fig. 3 the polyphosphorylated oligomers are shown to migrate more rapidly than their dephosphorylated counterparts. For example, once-dephosphorylated ApC moved considerably slower (compare the migration of C' and C in Fig. 3 ). The reason for these anomalous migration rates is possibly the increased charge-tomass ratio of the oligomers (14) . cpm/pmol) for 2 h at 30°C, similar to the procedure described in the legend to Fig. 1 . One set of reaction products (lanes A and B) were treated with calf intestine alkaline phosphatase and the other set (lanes C and D) were not treated with calf intestine alkaline phosphatase. Reaction products from both sets were then analyzed by polyacrylamide gel electrophoresis as described in the legend to the incomplete reaction products. It has been previously observed that all of the polyadenylic acid-containing VSV mRNA species synthesized in vitro contained the 5'-terminal capped structure, GpppA (3). Only the promoter-proximal sequences found in vitro contained polyphosphorylated 5' ends (20 (Fig. 3, lane D) , respectively. Oligonucleotides represented by bands A, B, and C (Fig. 3, lane D) were eluted with sterile water and digested with different enzymes as indicated and described in the legend to Fig. 2 . The positions of the marker nucleotides (Gp, Ap, and pC) and the origin of electrophoresis (0) are shown.
acrylamide gel electrophoresis after treatment with phosphatase. As shown in the complete transcription reaction (Fig. 5A ) and as was expected, considerable radioactivity was retained on the top of the gel which represented complete mRNA containing the 5'-terminal cap (data not shown). In addition, there were several bands migrating slower than the XC dye which were found to be fragments of mRNA's containing the 5'-terminal cap (data not shown). Very few bands were found migrating between the two dyes. Lanes B and C (Fig. 5A) represent the analyses of the oligomers synthesized in ATP,GTP,CTP reaction in the absence and the presence, respectively, ofS-adenosylmethionine. It can be seen that in neither lane was there any appreciable radioactivity migrating faster or between the dyes. A band containing little radioactivity migrating between the dyes was analyzed and found not to be an RNA but a contaminant present in the labeled GTP. These results indicate that in the partial reaction (minus UTP product) no detectable oligonucleotide is synthesized that contains the cap either in the presence or absence of the methyl donor. The complete reaction, however, contained, predominantly, capped full-length mRNA's and a small amount of mRNA fragments generated during RNA synthesis which were also capped. The lower limits of the mRNA fragments were larger than 30 nucleotides, assuming that RNA 28 nucleotides long migrates with the xylene cyanol dye. Thus, it seems that capping does not occur concomitantly with initiation. Rather, it is a later event, possibly occurring after the RNA chain has been extended.
Synthesis of pppGpC during transcription. In the experiments describing the synthesis of oligonucleotides in vitro in an incomplete reaction mixture (Fig. 1) , the concentrations of ATP, GTP, and [a-3P]CTP were kept at 1 mM, 30 ILM, and 30 uM, respectively. When the concentration of unlabeled GTP was increased, a radioactive spot appeared in the sequencing gel which overshadowed the rest of the bands (Fig.   6 ). At concentrations of GTP of 200 ,IM (Fig. 6,  lane C) , 500 ,M (Fig. 6, lane B) , and 1 mM (Fig.   6, lane A) , the intense radioactive band (designated as X) was the predominant one in the gel. To identify the oligonucleotide, the material was eluted from the gel and analyzed by high-voltage paper electrophoresis after various enzymatic digestions. As shown in Fig. 7 (Fig. 3, land D) . Since the dinucleotide was synthesized in partial reactions, it was of interest to study its synthesis during complete transcription conditions as well as in the presence of GTP and CTP only. As shown in Fig. 8 , an intense band representing GfC appeared at a GTP concentration of 500 yM and increased exponentially at a 1 mM concentration of GTP. The extent of GDC synthesis during incomplete reaction (Fig. 6) at the 1 mM GTP concentration was 3.8 nmol/mg of protein per 4 h. The corresponding value during complete RNA synthesis (Fig. 8) trol (U). The material had a net negative charge of -1 as determined by chromatography in a DEAE-cellulose column in 7 M urea (data not shown). These results indicate that the product is a dinucleotide with a structure of G6C. Since the in vitro product was treated with phosphatase before analysis in the gel, the dinucleotide may contain a polyphosphate at the 5' terminus. In fact, as shown below (see Fig. 9, lane D) , the GTP concentrations of 1,000, 5X00, 200, 100, and 50,LM were used, respectively, for lanes A through E. Positions of xylene cyanol (XC) and bromophenol blue (BPB) dyes are shown, as is the band (X) which was analyzed subsequently (Fig. 7) . transcription conditions. The increased synthesis of the dinucleotide occurred at a lower GTP concentration (200 ,uM) during incomplete reaction (Fig. 6 ) than in complete transcription (500 rIM, Fig. 8 ).
Finally, it was observed that the dinucleotide was synthesized when virus was incubated with GTP and [a-32P]CTP only. The phosphatasetreated reaction mixture released a labeled band (Fig. 9A ) (band X') migrating at the same position as observed earlier (Fig. 6 and 8 ). This band was confirmed to be GDC, similar to that shown in Fig. 7 . The reaction mixture that was not treated with phosphatase (Fig. 9D ) released a product that migrated considerably faster than the bromophenol blue dye (band X). The material was eluted and analyzed by high-voltage paper electrophoresis after various enzymatic digestions. As shown in Reaction products were then analyzed as described in the legend to Fig. 1 (data not shown). These results indicate that purified VSV contains an enzymatic activity that synthesizes pppGpC by using GTP and CTP as substrates. Under these conditions, the extent of the dinucleotide synthesis was 25.6 mnol/mg of protein per 4 h, which was 10-fold higher than that synthesized under incomplete or complete transcription conditions. DISCUSSION Recently, we have presented evidence that suggests that the virion-associated RNA polymerase of VSV initiates transcription at multiple promoter sites on the linear negative-strand genome RNA with the synthesis of leader RNA and individual mRNA species (20 In this communication we have attempted to answer these questions by studying the nature of the RNA products synthesized during incomplete transcription conditions. If initiation of RNA synthesis does indeed occur at different sites on the genome RNA, one would expect to find different identifiable promoter-proximal oligonucleotides under these conditions. When ATP, GTP, and [a-32P]CTP were used as the only ribonucleoside triphosphate precursors, the transcription products contained oligonucleotides representing 5'-terminal regions of leader RNA and mRNA (Fig. 1) . When ATP and [a-32P]CTP were used as the RNA precursor, only three oligonucleotides were synthesized: pppAC, pppAAC, and pppAACA. The first dinucleotide represents the leader RNA, and the latter two are related to mRNA (Fig. 3 and 4) . From the extent of synthesis of these oligonucleotides in partial reactions, it appears that the frequencies of pppAAC and pppAACA initiations were similar to that of pppAC initiations (approximately 1:1; Fig. 3 ), indicating that mRNA initiations are real events rather than infrequent side reactions. These results suggest that the RNA polymerase molecules are indeed located at specific promoter regions on the genome RNA and that the initiation of the RNA synthesis occurs at those sites. It is interesting to note that the leader RNA fragments contained 5'-terminal triphosphate (Fig. 3D) rather than diphosphate, which was found in full-length leader RNA (12) . Thus, it seems that removal of -y-phosphate by phosphatase occurs after the initiation event. Indeed, it has been shown that when y-S-ATP is used, the y-phosphate of the 5'-terminal A of leader RNA can be protected during its synthesis (11) .
We have previously shown that the polyadenylic acid-containing VSV mRNA's contain the 5'-terminal cap structure (2) . Uncapped polyphosphorylated mRNA's are not detected in the in vitro transcripts except in the promoter-proximal RNA products (20 Fig. 5 ) were eluted and treated with nuclease P1 and phosphatase. Again, no phosphatase-resistant radioactivity was detected (data not shown). Thus, in the VSV system, it appears that capping and initiation are not concomitant and that the former event occurs after the RNA chain has been elongated. The precise limit of the length of the oligomer required for the capping reaction is not known. However, in a complete reaction in which [8-32P] GTP was used, the smallest RNA containing the cap structure was approximately 30 nucleotides, migrating slightly slower than the xylene cyanol dye (Fig. 5) . In other systems in which capping reactions have been extensively studied, e.g., reovirus, vaccina virus, and cytoplasmic polyhedrosis virus, capping occurred immediately after initiation of RNA chains (7) . Under incomplete transcription conditions, reovirus (M. Yamakawa, Y. Furuichi, K. Nakashima, A. J. LaFiandra, and A. J. Shatkin, J. Biol. Chem., in press) and cytoplasmic polyhedrosis virus (14) , unlike VSV, synthesize both capped and uncapped oligonucleotides. It is not clear at the present time whether the polyphosphorylated promoter-proximal RNA products are the precursors of mature mRNA's. We have so far failed to chase either the promoter-proxi-mal mRNA oligonucleotides into mature mRNA's or the oligonucleotides, representing the leader RNA (Fig. 1) , into full-length leader RNA. The inability to chase leader oligonucleotide clearly indicates that the precise conditions for the pulse-chase experiments have not been achieved so far. Nevertheless, the results presented in this communication strongly suggest that the RNA polymerase enters into the template genome at multiple promoter sites such that the initial event during RNA synthesis (partial reactions) is the transcription initiation at those multiple sites. It is interesting to speculate that if the promoter-proximal oligonucleotides are indeed the precursors of mRNA's, then the capping reaction in VSV, like other viral systems, needs polyphosphorylated 5' ends of RNA (7) and not monophosphate-ended RNA as previously suggested (6, 8) . The precise understanding of the mechanism involved in the capping reaction in the VSV system awaits further study.
We have also demonstrated that a unique dinucleotide, pppGpC, is synthesized by the transcribing core of VSV under all conditions of transcription tested, i.e., incomplete transcription (Fig. 6 ), complete transcription (Fig. 8) , and in the presence of GTP and CTP only (Fig. 9) . The synthesis of the dinucleotide is copious, especially in the presence of GTP and CTP; more than 50% of the label is converted into pppGpC under optimum conditions of dinucleotide formation. The precise mode of synthesis of the dinucleotide (manuscript in preparation) indicates that the reaction is nontemplated and appears to be mediated by viral proteins. It is interesting to note that pppG-ended RNAs in the in vitro transcript (15) as well as in the infected cell (18) have been previously detected. Whether this dinucleotide represents the initiating nucleotides of any special class of RNA (e.g., 42S plus strand) synthesized under certain conditions (21) or has any role in the regulation of VSV transcription-replication or cellular protein synthesis (4) is currently under investigation.
